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Low-dose IL-34 has no effect on
osteoclastogenesis but promotes
osteogenesis of hBMSCs partly via
activation of the PI3K/AKT and ERK
signaling pathways
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Abstract

Background: Inflammatory microenvironment is significant to the differentiation and function of mesenchymal
stem cells (MSCs). It evidentially influences the osteoblastogenesis of MSCs. IL-34, a newly discovered cytokine,
playing a key role in metabolism. However, the research on its functional role in the osteogenesis of MSCs was
rarely reported. Here, we described the regulatory effects of low-dose IL-34 on both osteoblastogenesis and
osteoclastogenesis.

Methods: We performed the osteogenic effects of hBMSCs by exogenous and overexpressed IL-34 in vitro, so were
the osteoclastogenesis effects of mBMMs by extracellular IL-34. CCK-8 was used to assess the effect of IL-34 on the
viability of hBMSCs and mBMMs. ALP, ARS, and TRAP staining was used to evaluate ALP activity, mineral deposition,
and osteoclastogenesis, respectively. qRT-PCR and Western blotting analysis were performed to detect the expression
of target genes and proteins. ELISA was used to evaluate the concentrations of IL-34. In vivo, a rat tibial osteotomy
model and an OVX model were established. Radiographic analysis and histological evaluation were performed to
confirm the therapeutic effects of IL-34 in fracture healing and osteoporosis. Statistical differences were evaluated by
two-tailed Student’s t test, one-way ANOVA with Bonferroni’s post hoc test, and two-way ANOVA with Bonferroni
multiple comparisons post hoc test in the comparison of 2 groups, more than 2 groups, and different time points of
treated groups, respectively.
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Results: Promoted osteoblastogenesis of hBMSCs was observed after treated by exogenous or overexpressed IL-34
in vitro, confirmed by increased mineral deposits and ALP activity. Furthermore, exogenous or overexpressed IL-34
enhanced the expression of p-AKT and p-ERK. The specific AKT and ERK signaling pathway inhibitors suppressed the
enhancement of osteoblastogenesis induced by IL-34. In a rat tibial osteotomy model, imaging and histological
analyses testified the local injection of exogenous IL-34 improved bone healing. However, the additional IL-34 has no
influence on both osteoclastogenesis of mBMMs in vitro and osteoporosis of OVX model of rat in vivo.

Conclusions: Collectively, our study demonstrate that low-dose IL-34 regulates osteogenesis of hBMSCs partly via the
PIK/AKT and ERK signaling pathway and enhances fracture healing, with neither promoting nor preventing
osteoclastogenesis in vitro and osteoporosis in vivo.
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Introduction
Bone defects or fracture nonunion, which still has no effica-
cious way for treatment, is one of the most intractable clin-
ical diseases for orthopedic surgeons [1, 2]. Severe fracture,
bone tumor ablation, debridement of a wide range of bone
infections, and congenital defects can lead to the failure of
fracture healing [3]. Fracture healing is known as an intricate
physiologic process that the vascularity at fracture site, mech-
anical environment, growth factors, scaffolds, and mesenchy-
mal stem cells (MSCs) coordinate spatially and temporally to
work towards restoring bone structural integrity without scar
formation [4, 5].
During fracture healing, the local fracture hematoma at a

fracture site is rich in multiple cytokines, inflammatory fac-
tors, and many kinds of cells, which are helpful for bone and
soft tissue repair [6]. Horst et al. [7] pointed out that there
was evidential upregulation of the concentrations of
interleukin-6 (IL-6) and interleukin-8 (IL-8) in fracture he-
matomas when compared with the serum values in a com-
bined trauma pig model. According to previous studies, IL-6
and IL-8 obviously affect the osteoblastogenesis and osteo-
clastogenesis [7–10]. Interleukin-34 (IL-34), a newly discov-
ered cytokine, shows capable of inducing pro-inflammatory
cytokines and chemokines such as IL-6 and IL-8 [11]. Thus,
its osteogenic capacity should be explored further. Through
comprehensive proteomic analyses, it was found to be the
second ligand for colony-stimulating factor-1 receptor (CSF-
1R). It binds to CSF-1R and possesses similar characteristics
to CSF-1 in promoting monocyte viability and osteoclast
generation [12, 13]. In the last few years, IL-34 has been gain-
ing interest as a possible mediator for inflammatory arthritis
(IA) [14–21]. It was reported that recombinant mouse IL-34
could induce the formation of osteoclasts in vitro and reduce
trabecular bone mass in vivo [16]. In CSF-1op/op mice, the
presence of osteoclast precursors in the spleen seems to be
supported by IL-34 expressed in vascular endothelial cells
[22]. In addition, a study conducted by Cheng et al. [23]
pointed out that IL-34 contributes to the survival of osteo-
clast progenitors, and in vitro, it further promoted receptor
activator of NF-κB ligand (RANKL)-induced osteoclasts via

the JAK2/STAT3 pathway. Therefore, IL-34 may play a key
role on osteoclastogenesis. In accordance with previous stud-
ies, the dynamic balance of bone metabolism continuously
depends on the regulation between osteoclastic bone resorp-
tion and osteoblastic bone formation [24–26]. Nevertheless,
the effects and molecular mechanisms of IL-34 on osteo-
blastogenesis remain unknown. Here, we present a study to
describe the mechanisms underlying the role of IL-34 in
osteogenesis in human bone marrow-derived mesenchymal
stem cells (hBMSCs).
Bone marrow-derived mesenchymal stem cells (BMSCs),

with self-renewal capabilities, are progenitors of osteoblasts,
chondrocytes, and adipocytes, playing a key role in bone for-
mation and remodeling for the healing of bone defects [27].
BMSCs not only differentiate into bone but also exert modu-
latory effects via a variety of mechanisms to promote bone
healing [28]. As such, they represent an important source for
potential therapeutic use [29]. Meanwhile, many cytokines
and growth factors can affect the differentiation of BMSCs
and improve the migration and homing of BMSCs for bone
regeneration [30–32]. Recently, several studies noted that an
inflammatory microenvironment can potentially increase the
immunogenicity of BMSCs and decrease BMSC viability and
differentiation capacity [3, 8, 31].
The main goal of this research was to reveal a possible

role of low-dose IL-34 in the molecular mechanisms on
osteoblastogenesis and osteoclastogenesis. Our results
founded that low-dose IL-34 regulates osteogenesis of
hBMSCs partly via the PIK/AKT and ERK signaling path-
way and enhances fracture healing, with neither promot-
ing nor preventing osteoclastogenesis in vitro and
osteoporosis in vivo.

Materials and methods
Cell isolation, culture conditions, reagents, and antibodies
hBMSCs were provided by Cyagen Biosciences (Guangzhou,
China), and it was confirmed as having the potential to in-
duce the differentiation of osteoblasts, chondrocytes, and adi-
pocytes. The cells were incubated in hBMSC growth
medium (Cyagen Biosciences, Guangzhou, China) at 37 °C in
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a cell incubator containing 5% CO2 with the medium being
replaced every 3 days. Cells were trypsinized and passaged at
nearly 80–90% confluence, and only passages three to seven
were cultured in the follow-up experiments.
Six- to eight-week-old male C57BL/6 mice were used

for the isolation of primary murine bone monocyte/
macrophage precursors as described [33]. Cells were dif-
ferentiated into bone marrow-derived macrophages
(BMMs) in complete Minimum essential medium Eagle
Alpha modification (α-MEM, Gibco) containing 30 ng/
ml of macrophage colony-stimulating factor (M-CSF) for
3–4 days at 37 °C in a cell incubator with 5% CO2, and
the medium was replaced every 2 days.
Recombinant human IL-34 (rhIL-34) was purchased from

Novus Biologicals (CO, USA). Recombinant murine M-CSF
and recombinant murine RANKL were purchased from
Novoprotein Biotechnology (Shanghai, China). A phospho-
p44/42 MAPK (ERK1/2) inhibitor (U0126; Selleck
Chemicals) and a phospho-Akt inhibitor (MK-2206 2HCL;
Selleck Chemicals) were used in this study. Specific anti-
bodies against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), runt-related transcription factor 2 (RUNX2), col-
lagen type I a 1 chain (COL1A1), extracellular signal-
regulated kinase 1/2 (ERK1/2), phospho-ERK1/2, Phospho-
P38 MAPK, P38 MAPK, Phospho–NF-κB P65, NF-κB P65,
Non-phospho (active) β-catenin, β-catenin, protein kinase B
(AKT), Phospho-AKT, Phospho-IκBα, IκBα, Phospho-
SAPK/JNK, SAPK/JNK, Nuclear factor of activated T cells
cytoplasmic 1 (NFATc1/NFAT2), and C-Src were purchased
from Cell Signaling Technology (Danvers, MA, USA).
Specific antibodies against C-Fos and Cathepsin K were ob-
tained from Abcam (Cambridge, UK). Specific antibodies
against PGC1β and IL-34 were obtained from Santa Cruz
Biotechnology (Dallas, TX, USA).

Cytotoxicity assay
To evaluate the effects of IL-34 on the proliferation of
hBMSCs and mice bone marrow-derived macrophages
(mBMMs), a 96-well plate was applied to culture the
cells with a density of 5 × 103 cells/well and 8 × 103 cells/
well in triplicate, individually. After a 24-h period for ad-
hesion, different concentrations of IL-34 (0, 0.0001,
0.001, 0.01 ng/ml) were performed for 1, 3, 5, or 7 days.
Afterward, the medium was changed, and 10 μl Cell
Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan)
buffer was added to each well, which was cultured for
another 4 h at 37 °C. The optical density was measured
on an ELX800 absorbance microplate reader (ELX808;
BioTek, Winooski, VT, USA) at the wavelength of 450
nm (650 nm as reference).

Osteoblastogenesis assay
For the determination of osteoblast differentiation
in vitro, 12-well cell culture plates were applied to

culture hBMSCs with a density of 3 × 104/cm2 at 37 °C
with 5% CO2. After 3 days, the cells were incubated in
osteogenic differentiation medium (ODM; Dulbecco’s
modified Eagle’s medium; 10% fetal bovine serum, 100
nM dexamethasone, 10 mM β-glycerophosphate, 1%
penicillin-streptomycin and 0.05 mM L-ascorbic acid-2-
phosphate) with different concentrations of IL-34 (0,
0.0001, 0.001, 0.01 ng/ml). Cells with ODM only were
regarded as controls, and the medium of the treated cells
was changed every 3 days.
Three days later, alkaline phosphatase (ALP) staining

was performed. The cells were first fixed with 4% parafor-
maldehyde for 15min, washed twice by phosphate buffer
saline (PBS), and washed again but with double-distilled
water (ddH2O) every 3 min for three times. Then, the cells
were stained with the BCIP/NBT ALP color development
kit (Beyotime, Shanghai, China). In accordance with the
manufacturer’s instructions, ALP activity was calculated
by the ALP Assay Kit (Beyotime, Shanghai, China) after
the cells were lysed by lysis buffer including 1% Triton X-
100, 20mM Tris–HCl (pH 7.5), and 150mM NaCl.
Finally, the ALP activity was calculated at 405 nm by a mi-
croplate reader (ELX808; BioTek).
After inducting osteogenic differentiation for 12 days,

Alizarin Red Staining (ARS) Kit (Cyagen, Guangzhou,
China) was used for staining. The cells were fixed with
4% paraformaldehyde for 15 min after washed twice by
PBS, and then washed with ddH2O every 3 min for three
times before being stained with Alizarin Red S solution
(Cyagen Biosciences, Guangzhou, China) for 30 min at
room temperature. Afterward, the mineral deposition
was observed and photographed using an inverted
microscope with a digital camera. The stain was then
absorbed by incubation with 10% cetylpyridinium chlor-
ide (MilliporeSigma, Billerica, MA, USA) for 1 h, and the
solutions were plated on a 96-well plate with 200 μl/
well. The optical density values at 560 nm of the micro-
plate reader (ELX808; BioTek) determined the total pro-
tein concentration.

Osteoclastogenesis assay
To determine the osteoclast differentiation in vitro,
mBMMs were seeded into 96-well plates (8 × 103 cells/
well) in triplicate with osteoclastogenic medium
(complete α-MEM with 30 ng/ml M-CSF and 100 ng/ml
RANKL) and various concentrations of IL-34 (0, 0.0001,
0.001, 0.01 ng/ml). Cells without treatment were
regarded as controls. Cells with complete α-MEM (30
ng/ml of IL-34 and 100 ng/ml RANKL) were used to
check our IL-34 worked. In the process of cultivation,
the medium was changed every 2 days. Afterwards, cells
were washed twice with PBS, fixed in 4% paraformalde-
hyde for 15 min, washed twice with PBS again, and
stained for tartrate-resistant acid phosphatase (TRAP)
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staining (Sigma-Aldrich, Hannover, Germany), according
to the manufacturer’s instructions. TRAP-positive cells
with no less than two nuclei were considered as mature
osteoclasts. The number and spread area of mature oste-
oclasts were measured by ImageJ software (National In-
stitutes of Health, Bethesda, MD, USA).

RNA extraction and quantitative RT-PCR
Gene expression levels of osteoclast and osteoblast for-
mation were measured by quantitative RT-PCR (qRT-
PCR). hBMSCs (3 × 104 cells/cm2) and mBMMs (1 × 105

cells/well) were seeded in six-well plates and cultured in
the medium. The isolation and measurement of total
cellular RNA was performed using the RNAiso reagent
(Takara Bio, Kusatsu, Japan) and NanoDrop 2000. The
absorbance of the samples at 260 nm was calculated in
accordance with the manufacturer’s instructions
(Thermo Fisher Scientific, MA, USA). Total RNA
(#1 μg) was reverse transcribed into complementary
DNA (cDNA) in a 20 μl reaction volume (Takara). Two
microliters cDNA was used as the template with Power
SYBR® Green PCR Master Mix (Takara), and qRT-PCR
was performed in triplicate by the ABI StepOnePlus Sys-
tem (Thermo Fisher Scientific). As housekeeping genes,
18S or β-actin was used, and all of the reactions were re-
peated three times independently. Sangon Biotech
(Shanghai, China) synthesized all of the primers used in
this work. Primer sequences are listed in Table 1. The
qRT-PCR reaction was as follows: 95 °C for 30 s,
followed by 40 cycles of 95 °C for 5 s, and 60 °C for 30 s.
The expression levels of all of the genes were evaluated
by 2−△△Ct method.

Western blotting analyses
To investigate the effects of IL-34 on multiple signaling
pathways, hBMSCs (3 × 104 cells /cm2) and mBMMs
(5 × 105 cells/well) were seeded in six-well plates and
cultured in the medium. Total lysates of cells were ex-
tracted by lysis for 30 min on ice in a ripa buffer con-
taining with phosphatase and protease inhibitor cocktails
(Beyotime). The centrifugation to clear the lysates and
collect the supernatants was set at 14,000 rpm for 10
min at 4 °C. After electrophoresis, the SDS polyacryl-
amide gel was transferred to a polyvinylidene fluoride
(PVDF) membrane (MilliporeSigma), which was then
probed with the primary antibodies. Then, membranes
were blocked with 10% non-fat milk and 0.1% Tween in
tris-buffered saline for 1 h at room temperature. After-
ward, the membranes were incubated at 4 °C overnight
with primary antibodies. After washing with 0.1% Tween
in tris-buffered saline for three times and incubation
with horseradish peroxidase-conjugated secondary anti-
bodies (anti-mouse or anti-rabbit; Beyotime) for 1 h at
room temperature, proteins were visualized using an

enhanced chemiluminescent detection reagent (Millipor-
eSigma) and an XRS chemiluminescence detection sys-
tem (Bio-Rad Laboratories, Hercules, CA, USA).

Immunofluorescence assay
A 12-well plate was used to place hBMSCs in induction
medium, and a fluorescence microscope (EU5888; Leica
Camera, Wetzlar, Germany) was used for the evaluation
of RUNX2 and COL1A1. At room temperature, the cells
were treated with 4% paraformaldehyde. After 15 min,
hBMSCs were permeabilized for 5 min with 0.1% Triton
X-100 in PBS and blocked in 2% bovine serum albumin
for 30 min. Fixed cells were washed and incubated over-
night with anti-RUNX2 (1:500; CST) and anti-COL1A1
(1:500; CST). Then the fluorescence-conjugated second-
ary antibody (Beyotime) was added to the cells for 60
min, and DAPI (Nanjing KeyGen Biotech, Nanjing,
China) was used to stain the nuclei for 5 min. The im-
ages were captured by a fluorescence microscope (Leica
Camera) and the fields were selected randomly.

Lentiviral packaging and cell infection
A lentiviral package was applied by Cyagen Biosciences
(Guangzhou, China), including lentiviral particles to

Table 1 Sequences of primers for qRT-PCR

Primers (5′–3′)

Gene Forward Reverse

h-COL1A1 CAGATCACGTCATCGCAC
AAC

GAGGGCCAAGACGAAGAC
ATC

h-RUNX2 TGGTTACTGTCATGGCGG
GTA

TCTCAGATCGTTGAACCT
TGCTA

h-OCN CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACA
CAAAG

h-SP7 AGCCCATTAGTGCTTGTAAA
GG

CCTCTGCGGGACTCAACA
AC

h-ALP ACCACCACGAGAGTGAAC
CA

CGTTGTCTGAGTACCAGT
CCC

h-OPN CTCCATTGACTCGAACGA
CTC

CAGGTCTGCGAAACTTCT
TAGAT

h-18S CCAGACAAATCGCTCCAC
CAAC

GACTCAACACGGGAAACC
TCAC

m-β-ACTIN TCTGCTGGAAGGTGGACA
GT

CCTCTATGCCAACACAGTGC

m-NFATc1 CGTTGCTTCCAGAAAATA
ACA

TGTGGGATGTGAACTCGG
AA

m-CATHEPSIN
K

CTTCCAATACGTGCAG
CAGA

TCTTCAGGGCTTTCTCGTTC

m-C-FOS CCAGTCAAGAGCATCA
GCAA

AAGTAGTGCAGCCCGGAG
TA

m-CTR TGCTGGCTGAGTGCAGAA
ACC

GGCCTTCACAGCCTTCAG
GTAC

m-MMP-9 CAAAGACCTGAAAACCTC
CAA

GGTACAAGTATGCCTCTG
CCA

h human, m mice
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overexpress IL-34 (IL-34 overexpressed (OE) group) and
lentiviral GFP particles (the negative control (NC)
group). hBMSCs (3 × 104 cells/cm2) were seeded in six-
well plates and cultured in the medium. When hBMSCs
reached at 30–50% confluence, cells were cultured in
lentiviral particles together with 5 μg/ml polybrene in
the growth medium, in accordance with the manufac-
turer’s instructions. The GFP fluorescence was regarded
as the efficiency of transduction and the culture medium
was replaced 12 h later. When at a confluence of 80–
90%, the cells were passaged and used the experiments
here described. The qRT-PCR and Western blotting ana-
lyses were performed to determine the difference in
osteo-specific genes and proteins.

ELISA
An ELISA (Mskbio, Wuhan, China) was used to evaluate
the concentrations of IL-34 in the culture medium of
both OE and NC. After the cells were infected with the
lentiviral package and then cultured for 24 h, the
medium was collected to measure the concentrations of
IL-34, according to the manufacturer’s instructions.

In vivo evaluation in animals
This study was approved by the Institutional Animal
Care and Use Committee of the Second Affiliated Hos-
pital, School of Medicine, Zhejiang University (approval
number: 2018-078). In accordance with the Animal Care
and Use Committee guidelines of Zhejiang province to-
gether with the laboratory animals’ care and use guide-
lines, we performed the animal experiments. Thirty-six
male Sprague Dawley rats (eight-week-old, 200 g) from
the Academy of Medical Sciences of Zhejiang Province
were used as tibial bone defect or ovariectomized (OVX)
models [33]. Eighteen rats were separated equally and
haphazardly into three groups (n = 6 per group): (1)
Blank group: defects without treatment; (2) PBS group:
defects treated with PBS (negative control group treated
with PBS); and (3) IL-34 group: defects treated with local
injection of IL-34 (20 μl IL-34 at 0.01 ng/ml). Briefly, rats
were anesthetized by intraperitoneal injection with 0.3%
pentobarbital sodium (Sigma) at 30 mg/kg body weight.
After wiping the knee joint with alcohol, the closed re-
duction and internal fixation were performed by a 1.3-
mm intramedullary fixation pin set into the tibial cavity.
A 5 × 2mm2 tibial defect was formed in all the rats
nearly 7 mm from the proximal tibial growth plate by a
grinding drill and penetrated through the cortex of the
bone. The operation was performed on the same leg for
each group. The incision was then sewed up with 4–0
absorbable sutures. Local injection with 20 μl IL-34
(0.01 ng/ml) was done in the tibial defect sites of the rats
from IL-34 group every 2 days after operation, and the
rats from rest groups were treated with (PBS group) or

without (BLANK group) 20 μl PBS. The remaining 18
rats were randomized into three groups of six rats each:
sham-surgery rats treated with PBS (BLANK group),
OVX rats treated with PBS (OVX group), and OVX rats
treated with IL-34 (OVX + IL-34 group). One week after
ovariectomy, IL-34 (0.1 μg/kg) or PBS was injected intra-
peritoneally into each OVX rat every 2 days. After
2 weeks and 8 weeks, the rat tibial bone defects model
and the OVX rat model were euthanized using excess
anesthesia, respectively. No deaths or side effects oc-
curred during the intervention. The tibia from each rat
was collected and scanned by microcomputed tomog-
raphy (Micro-CT). Specimens from the rat tibial bone
defects model were fixed in 4% paraformaldehyde. One
day later, they were decalcified by 10% ethylene diamine-
tetra acetic acid (EDTA, Sigma) with 0.1M PBS (pH 7.4)
for 8 weeks, with a mixture change per week. After de-
calcification, specimens were embedded in paraffin, and
sections of the proximal tibias were obtained for H&E,
SO/FG, and Masson’s trichrome analysis.

Micro-CT and bone histomorphometric analyses
The tibias were analyzed by a Micro-CT (Scanco Medical,
Brüttisellen, Switzerland) instrument with scanning
method set at an isometric resolution of 14.8 μm with an
exposure time of 300ms. The X-ray energy settings were
70 kV and 80 μA. Trabecular bone volume per total vol-
ume (BV/TV), trabecular bone surface per bone volume
(BS/BV), mean trabecular thickness (Tb.Th), mean tra-
becular number (Tb.N), mean trabecular separation
(Tb.Sp), and mean connectivity density (Conn-Dens) were
quantified to evaluate the microstructure of the tibias.

Statistical analysis
Results are expressed as means ± SD. SPSS software
(v.22.0; IBM, Armonk, NY, USA) was used to perform
the statistical analyses. All of the experiments were inde-
pendently accomplished no less than three times. Statis-
tical differences were evaluated by two-tailed Student’s t
test or one-way ANOVA with Bonferroni’s post hoc test.
A two-way ANOVA with Bonferroni multiple compari-
sons post hoc test was used in the comparison of the
treated groups at different time points. A P ≤ 0.05 was
regarded as being significantly different.

Results
The effects of low-dose IL-34 on hBMSC and mBMM
viability
The effects of low-dose IL-34 on hBMSC viability at
days 1, 3, 5, and 7 are shown in Fig. 1a. Cells treated
with IL-34 from 0.0001 to 0.01 ng/ml, the viability rate
of hBMSCs increased, except for the 0.01 ng/ml at day 7
condition. The effects of IL-34 on mBMM viability are
depicted in Figure S1.
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Low-dose IL-34 promoted osteoblastogenesis in hBMSCs
To evaluate the role of low-dose IL-34 on bone forma-
tion, the expression of RUNX2 and COL1A1 were mea-
sured by qRT-PCR and Western blotting analysis.
Meanwhile, the expression of osteocalcin (OCN), ALP,
osteopontin (OPN), and zinc finger transcription factor
(SP7/Osterix) were determined by qRT-PCR. IL-34 in-
creased the expression of RUNX2 (days 3 and 7) and
COL1A1 (days 3 and 7) between 0.0001 and 0.01 ng/ml
except the expression of RUNX2 (days 3 and 7) at
0.0001 ng/ml (Fig. 1b–f). The qRT-PCR analysis revealed
that RUNX2 and COL1A1 mRNA expression was in-
creased by 0.001 and 0.01 ng/ml IL-34 on day 3 and 7
(Fig. 1g–h). OCN expression was increased by IL-34 at
0.0001 to 0.001 ng/ml on day 7 (Fig. 1i). OPN mRNA ex-
pression was increased by IL-34 at 0.0001 to 0.01 ng/ml
on day 7 and 0.001 ng/ml on day 3 (Fig. 1j). However,
there were no significant differences between ALP and
SP7 expression levels under 0.0001 to 0.01 ng/ml doses
on days 3 and 7 when compared with the control group
(Fig. 1k–l). IL-34 positively regulated ALP activity and
calcium deposit formation at 0.001 and 0.01 ng/ml
(Fig. 1m–p).

Low-dose IL-34 enhanced osteogenic differentiation of
hBMSCs partly via the PI3K/AKT and ERK signaling
pathways
To investigate the exact mechanism by which IL-34
positively regulated osteoblastogenesis, Western blotting
was applied to measure whether IL-34 modulated the
activation of the NF-κB, MAPK, PI3K/AKT, and Wnt/β-
catenin signaling pathways, and the results were quanti-
fied (Fig. 2a–g). The phosphorylation level of AKT and
ERK increased significantly after IL-34 treatment at all
of the concentrations on days 3 and 7 when compared
with the control group (Fig. 2b, e). However, the phos-
phorylation levels of the other proteins were not affected
by IL-34 (Fig. 2b, e). The total levels of all proteins
showed no significant difference among different groups
(Fig. 2c, f). The phospho-protein/total protein of AKT
and ERK were significantly different between the treated
groups and control group (Fig. 2d, g). To further eluci-
date the effects of the PI3K/AKT and ERK signaling
pathways on the regulation of hBMSC osteoblastogene-
sis by IL-34, the IL-34-induced inhibitory effects of these
two pathways on bone formation were analyzed.
As Fig. 3a, b shows, there was a significant difference

between the control group without U0126 and treated
groups with U0126 at 10, 25, and 50 μM respectively
when hBMSCs cultured in the ODM during osteogenic
differentiation. We chose 25 μM as the U0126 concen-
tration in the following experiment. The increased ex-
pression of COL1A1, RUNX2, and P-ERK caused by the
IL-34 (0.001 ng/ml) treatment was significantly inhibited

when the cells were cultured with U0126 for 3 days
(Fig. 3c–f), whereas there was no difference among these
groups in the expression of T-ERK (Fig. 3g). The P-
ERK/T-ERK was significantly decreased when cells were
cultured with U0126 (Fig. 3h). A similar decrease was
observed in the ALP activity and ARS following the
addition of U0126 for 3 days (Fig. 3i-l).
Cells treated with MK-2206 (5, 12.5, and 25 μM) were

significantly different from the control group (Fig. 4a, b).
Five micromolars of MK-2206 was the concentration used
in the follow-up work. There was a great decrease among
the COL1A1, RUNX2, and P-AKT expression levels after
the cells were incubated with MK-2206 for 3 days
(Fig. 4c–f). However, the expression of T-AKT did not
change (Fig. 4g). The P-AKT/T-AKT was significantly
decreased when cells were cultured with MK-2206
(Fig. 3h). ALP activity and ARS performed a similitude
consequence after treatment with MK-2206 (Fig. 4i–l).
An IF assay was performed to further assess the effects

of the PI3K/AKT and ERK signaling pathways. Higher
COL1A1 and RUNX2 expression levels were observed in
the IL-34 treatment group relative to the control group,
and the levels of both were higher than in the groups
treated with inhibitors (Fig. 3m–p and Fig. 4m–p).

The effects of endogenously overexpressed IL-34 on
osteogenesis and the expression of osteoblast-related
genes and proteins in vitro
A IL-34 overexpression hBMSC cell line was constructed
using a lentiviral vector to demonstrate the effects of en-
dogenous IL-34 further. After infection, the cells were
screened for GFP fluorescence. Three days later, the ex-
pression levels of COL1A1, RUNX2, P-ERK, T-ERK, P-
AKT, T-AKT, and IL-34 were determined by Western
blotting analyses. Measured up against the control
group, all of the protein levels were significantly in-
creased, except T-ERK and T-AKT (Fig. 5a–f). The P-
ERK/T-ERK and P-AKT/T-AKT were significantly in-
creased (Fig. 5g). The expression levels of osteo-specific
genes were assessed by qRT-PCR. COL1A1, RUNX2,
OCN, and OPN were significantly increased in the OE
group (Fig. 5l–o). However, there was no difference in
ALP and SP7 (Fig. 5p–q). The results of ELISA, ALP ac-
tivity, and ARS further confirm these above conclusions
(Fig. 5h–k).

Addition of exogenous low-dose IL-34 accelerated bone
healing in a rat tibial osteotomy model
To complement the previous experiment, the effect of
an exogenous low-dose of IL-34 on bone healing was
performed. After 2 weeks, micro-CT analysis revealed
that the bone defect was present legibly in the blank and
PBS groups (Fig. 6a). In the IL-34 group, this gap was
obscured, and more bridging callus formation was
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significantly presented in the operation area compared
to the blank and PBS groups. Quantitatively, by con-
trasted with the blank and PBS group, there was an evi-
dent increase of fractures in the IL-34 group in the BV/
TV, BS/BV, Tb.Th, Tb.N, and Tb.Sp (Fig. 6c–g).

Histological analysis revealed that there was less bridging
bone formed in the operated area in the blank and PBS
groups, and a better cortex callus formation was ob-
served in the IL-34 group in contrast with the rest
groups (Fig. 6b).

Fig. 1 The effect of low-dose IL-34 on viability and osteoblastogenesis in hBMSCs. a A CCK-8 was used to examine the viability after cells cultured with
low-dose IL-34 for 1, 3, 5, and 7 days. b–f The expression of RUNX2 and COL1A1 proteins were evaluated by Western blotting analysis after osteogenic
differentiation for 3 and 7 days. g–l The expression of RUNX2, COL1A1, OCN, ALP, SP7, and OPN mRNA was determined by qRT-PCR on days 3 and 7
after osteogenic differentiation. m, o ALP staining and ALP activity were performed after osteogenic differentiation for 3 days. n, p ARS and ARS
absorbance were performed after osteogenic differentiation for 12 days. All of the experiments were independently accomplished no less than three
times. Data are means ± SD. **P < 0.05 vs. the control group on day 1, *P < 0.05 vs. the control group on day 3, ##P < 0.05 vs. the control group on day
5, #P < 0.05 vs. the control group on day 7, @P < 0.05 vs. the control group on day 12, $P < 0.05 vs. the 1 day group at the same concentration, &P < 0.05
vs. the 3 days group at the same concentration. Scale bars, 500 μm
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Low-dose IL-34 has no effect on osteoclastogenesis
The expression of osteoclast-related genes and proteins was
not affected by the exogenous low-dose IL-34 in the experi-
mental groups in contrast with the control group (Fig. 7a–f,
j–n). In addition, the results of TRAP staining and micro-CT
analysis of OVX rat models were in line with the conclusion
(Fig. 7g–i, o–u). Thus, the low-dose IL-34 had no effect on
osteoclast formation. Our IL-34 was confirmed worked by
TRAP staining with a concentration of 30 ng/ml (Figure

S2A-C). A simple diagram for this experiment is shown in
Fig. 6h.

Discussion
IL-34, the second ligand for CSF-1R, was identified on a
functional screening of a library of proteins secreted by
the embryonic kidney cell line transfected with recom-
binant cDNAs [12]. Although, structurally, it is markedly
different from any other proteins, IL-34 binds to the

Fig. 2 Low-dose IL-34 prompts activation of PI3K/AKT and ERK signaling during osteoblastogenesis in hBMSCs. a–g Western blotting analysis on days
3 and 7 was performed to determine the expression of NF-κB, MAPK, PI3K/AKT, and Wnt/β-catenin signaling pathways proteins on osteoblastogenesis.
All of the experiments were independently accomplished no less than three times. Data are means ± SD. *P < 0.05 vs. the control group on day 3,
#P < 0.05 vs. the control group on day 7, &P < 0.05 vs. the 3 days group at the same concentration
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Fig. 3 Inhibitor specific for ERK suppresses the osteogenic differentiation caused by low-dose IL-34. a, b Determination of suitable concentration
of inhibitor. c–h Expression of COL1A1, RUNX2, and ERK signaling pathway proteins was determined by Western blotting analysis on day 3 of
osteogenesis. i, k ALP staining and activity on day 3 of osteogenesis. j, l ARS and quantitation on day 12 of osteogenesis. m, o Expression of
COL1A1 proteins was determined by immunofluorescence on day 3 of osteogenesis. n, p Expression of RUNX2 proteins was determined by
immunofluorescence on day 3 of osteogenesis. All of the experiments were independently accomplished no less than three times. Data are
means ± SD. *P < 0.05 vs. the control group on day 3, @P < 0.05 vs. the control group on day 12, #P < 0.05 vs. the IL-34 (0.001 ng/ml) group. Scale
bars, ALP staining and ARS, 500 μm. Immunofluorescence, 25 μm
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CSF-1 receptor strongly and is similar to CSF-1 in the
ability to enhance monocyte viability and osteoclast gen-
eration [12, 13, 32, 34]. In addition, IL-34 has been
regarded as a promising clinical biomarker and thera-
peutic target for IA [14, 20, 21]. Studies using concentra-
tions of IL-34 above 2.5 ng/ml have reported effects on
the differentiation, proliferation, and survival of osteo-
clasts [13, 22, 23, 35]. However, the effect of IL-34 on

the bone metabolism, particularly when low doses are
used, has rarely been described. Similarly, IL-34 has not
been linked to the effects of osteogenic differentiation in
hBMSCs. Finally, there is no description to date of a role
for IL-34 in the molecular mechanisms of the osteogen-
esis. Here, to our knowledge, we first revealed the
underlying mechanisms of low-dose IL-34 on the regula-
tion of bone homeostasis. IL-34 promoted the bone

Fig. 4 Inhibitor specific for PI3K/AKT suppresses the osteogenic differentiation caused by low-dose IL-34. a, b Determination of suitable concentration of inhibitor.
c–h Expression of COL1A1, RUNX2, and PI3K/AKT signaling pathway proteins was determined by Western blotting analysis on 3 d of osteogenesis. i, k ALP
staining and activity on day 3 of osteogenesis. j, l ARS and quantitation on day 12 of osteogenesis.m, o Expression of COL1A1 proteins was determined by
immunofluorescence on day 3 of osteogenesis. n, p Expression of RUNX2 proteins was determined by immunofluorescence on day 3 of osteogenesis. All of the
experiments were independently accomplished no less than three times. Data are means ± SD. *P <0.05 vs. the control group on day 3, @P <0.05 vs. the control
group on day 12, #P <0.05 vs. the IL-34 (0.001 ng/ml) group. Scale bars, ALP staining and ARS, 500μm. Immunofluorescence, 25μm
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formation of hBMSCs partly via the PI3K/AKT and ERK
signaling pathways in vitro. Meanwhile, a rat tibial bone
defect model with a local injection of IL-34 produced a
better recovery in vivo. However, low-dose IL-34 did not
contribute to the differentiation of mBMMs in vitro, and
a rat OVX model gave results consistent with this con-
clusion. These observations demonstrate that low-dose
IL-34 enhances the osteogenic differentiation of
hBMSCs, at least by partial activation of the PI3K/AKT

and ERK signaling pathways, but it has no effect on
osteoclastogenesis.
Serum IL-34 levels in healthy people were found to be

152.0 (92.0–234.0) pg/ml, 56.74 ± 2.30 pg/ml or 49.1 ±
78.5 pg/ml [13, 15–17, 22, 23]. Thus, in the present
study, we regarded the concentration of IL-34 in a range
from 0.0001 to 0.01 ng/ml as a low dose. Chen et al. re-
vealed that IL-34 together with RANKL can induce the
formation of murine osteoclasts from not only

Fig. 5 The effects of IL-34 overexpression hBMSC cell line on osteogenic differentiation. a–g Expression of RUNX2, COL1A1, IL-34, P-AKT, T-AKT, P-
ERK, and T-ERK was determined by Western blotting on day 3 of osteogenesis. h The results of ELISA. i-k ALP staining and activity on day 3 and
ARS and quantitation on day 12 of osteogenesis, respectively. l–q The mRNA expression levels of COL1A1, RUNX2, OCN, OPN, ALP, and SP7 were
evaluated by qRT-PCR. All of the experiments were independently accomplished no less than three times. Data are means ± SD. *P < 0.05 vs. the
control group on day 3, @P < 0.05 vs. the control group on day 12. Scale bars, 500 μm
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splenocytes but also bone marrow cells in a dose-
dependent manner (2.5 ng/ml, 25 ng/ml, and 100 ng/ml),
and these cells have bone resorption activity [13]. Ac-
cording to Nakamichi et al. IL-34 appears to play a piv-
otal role in the generation and storage of osteoclast
precursors in the spleen and osteoclastogenesis in CSF-
1op/op mice [22]. A study conducted by Cheng et al. first
demonstrated that IL-34 was conducive to the survival
of osteoclast progenitors and further promoted RANKL-
induced osteoclast formation by the JAK2/STAT3 path-
way in vitro [23]. Furthermore, it has been reported that

TNF-α upregulates osteoclastogenic cytokine IL-34 pro-
duction through the activation of NF-κB and JNK signal-
ing in the synovial cells of rheumatoid arthritis (RA)
patients [35]. In the present study, we revealed that a
low-dose IL-34 obviously heightened the expression of
osteogenic-specific genes and proteins in hBMSCs,
which filled a blank by showing that IL-34 plays an im-
portant role in osteogenesis. However, no significant dif-
ferences were observed during osteoclastogenesis with
the low-dose IL-34. This may be associated with the
concentration of IL-34, which was too low to work for

Fig. 6 Exogenous IL-34 enhanced bone recovering in a rat tibial osteotomy model. a Micro-CT analysis for bone healing. b Histological analysis
for bone healing. H&E, hematoxylin and eosin staining. Masson, Masson’s trichrome staining. Safranin O, Safranin O and fast green. c–g BV/TV, BS/
BV, Tb.Th, Tb.N, and Tb.Sp values are presented. h Schematic representation of the experiments presented in this figure. All of the experiments
were independently accomplished no less than three times. Data are means ± SD. *P < 0.05 vs. the BLANK group, #P < 0.05 vs. the PBS group.
Scale bars, 1 mm
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osteoclast formation both in vivo and in vitro. These re-
sults demonstrated that in low dose, IL-34 contribute to
osteoblastogenesis rather than osteoclastogenesis.
Given that IL-34 has been demonstrated to play dom-

inant roles in synovial inflammation and bone erosion, it
possibly led to RA and osteoarthritis (OA) pathology

[12]. Plenty of studies have concentrated on the under-
lying correlation between the concentrations of IL-34 in
the circulation or joint fluid and clinical parameters of
RA patients. A case-control study containing with 100
RA patients and 59 healthy controls not only measured
serum IL-34 levels in RA patients and healthy controls

Fig. 7 Low-dose IL-34 has no effect on osteoclastogenesis. a–f The expression of NFATc1, PGC1β, C-SRC, C-FOS, and Cathepsin K was determined by
Western blotting on day 5 of osteoclastogenesis has no difference among various concentrations of low-dose IL-34. g–i mBMMs were cultured with
various concentrations of low-dose IL-34 in the presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml). j–n The mRNA expression levels of Cathepsin K,
NFATc1, MMP-9, CTR, and C-FOS evaluated by qRT-PCR have no difference among various concentrations of low-dose IL-34. o Micro-CT reconstruction
images from the 3 groups at 8 weeks after surgery. p–u BV/TV, BS/BV, Tb.Th, Tb.N, Tb.Sp, and Conn-Dens values are presented. All of the experiments
were independently accomplished no less than three times. Data are means ± SD. *P < 0.05 vs. the control group. Scale bars, 1 mm

Xu et al. Stem Cell Research & Therapy          (2021) 12:268 Page 13 of 16



but also observed that serum IL-34 levels were signifi-
cantly greater in RA patients than in healthy controls
(603.5 [123.3–1673.0] vs. 152.0 [92.0–234.0] pg/ml) [15].
These conclusions agreed with the results conducted by
Wang et al., who pointed out that serum IL-34 levels in
RA patients were markedly higher than in healthy con-
trols (269.72 ± 14.71 pg/ml vs. 56.74 ± 2.30 pg/ml) [16].
The concentrations of IL-34 levels in serum were found
to be correlated with several clinical variables [15, 16].
Moon et al. indicated that the serum IL-34 levels in RA
patients were much higher than in OA patients and
healthy controls. The mean serum IL-34 levels were
49.1 ± 78.5 pg/ml, 36.6 ± 38.0 pg/ml, and 188.0 ± 550.3
pg/ml in healthy controls, OA, and RA patients, respect-
ively [17]. All of these previous findings supported the
concept that a high-dose serum IL-34 level is a risk fac-
tor for both RA and OA. Thus, IL-34 has the classical
actions, including a possibility to generate bone erosion,
and may play a key role in the formation of RA and OA.
However, the role of low-dose IL-34 in bone metabolism
was still unclear. In our study, we focused on the rela-
tionship between low-dose IL-34 and bone metabolism,
revealing that IL-34 from 0.0001 to 0.01 ng/ml contrib-
uted to osteoblastogenesis. The effects of IL-34 on
hBMSCs during osteogenesis were evaluated by qRT-
PCR and Western blotting analysis, revealing that IL-34
increased osteo-specific genes and proteins at lower con-
centrations, especially 0.001 ng/ml. ALP staining and
ARS are early and late markers, respectively, of osteo-
blastic differentiation [3, 31, 36]. We found that IL-34
intensified ALP activity and deepened mineralization at
lower concentrations, especially at 0.001 ng/ml. Those
results suggested that low-dose IL-34 promoted the
osteogenesis of hBMSCs in vitro. Meanwhile, we also
observed that low-dose IL-34 has no effect on osteoclas-
togenesis both in vivo and in vitro (Fig. 7).
The specific tyrosine residues were increasingly dimer-

ized and autophosphorylated intracellularly by the asso-
ciation of IL-34 with the extracellular domain of CSF-
1R, leading to the accomplishment of kinds of kinases
and adaptor proteins. Such players can be found in sig-
naling pathways, including ERK and AKT [37]. These
pathways enhance the pleiotropy of IL-34-mediated
CSF-1R when cells differentiated, attached, migrated,
and proliferated. Furthermore, they stimulate cellular
cytoskeletal organization and survival and subsequently
modulate the specific genes expression [38]. As shown
in Fig. 2, our research described an obvious increase in
the expressions of P-AKT and P-ERK during the
hBMSC-driven differentiation with endogenous IL-34.
Various specific molecules could activate PIK/AKT

pathways for MSCs, such as IL-37, PDGFRβ, and
NANOG [3, 39, 40]. Several studies have emphasized
the key role of the PI3K/AKT signaling pathway for all

of the periods of osteogenic differentiation, maturation,
and bone formation [37, 38, 41]. Not only chondrocyte
differentiation would be impaired, but also longitudinal
bone growth would be inhibited by blocking the PI3K/
AKT signaling pathway [3, 42]. With the activation of
the PI3K/AKT signaling pathway, IL-34 switched the
phenotype of Kupffer cells from M1 to M2 in vitro [43].
Chen et al. mentioned that IL-34, which is expressed
and secreted by embryonic stem cells, may be respon-
sible for ESC-promoted macrophage survival by activat-
ing the ERK1/2 and PI3K/AKT pathways [44]. In this
study, we found that IL-34 enhanced bone formation by
activating the PI3K/AKT signaling pathway. An inhibitor
specific for the PI3K/AKT pathway significantly inhib-
ited P-AKT. Western blotting analyses, ALP staining,
ARS, and IF analyses further confirmed the regulatory
role of the IL-34-PI3K/AKT axis in the osteogenic differ-
entiation of BMSCs.
The ERK pathway, one of MAPK signaling pathways,

is an important signal transducer in the regulation of the
osteoblastogenesis of MSCs and bone metabolism [45].
It has been reported that major secreted ligands that
regulate osteoblast activity seem to serve partly via the
ERK pathway [46]. In accordance with previous studies,
plenty of specific molecules, such as PDGFRβ, FOXA2,
and Withanolide B, could activate ERK pathways for
MSCs [39, 47, 48]. The expression levels of RUNX2 and
Osterix are firmly associated with ERK phosphorylation
[49]. Matsushita et al. found a critical role for ERK in
osteoblast mineralization because mice with Erk1 and
Erk2 deletions display dramatically reduced bone
mineralization [50]. Further, IL-34 modulates rheuma-
toid synovial fibroblast proliferation and migration via
the ERK/AKT signaling pathway [51]. According to the
experimental results, such as western blotting, ALP
staining, ARS, and IF analyses, we found ERK signaling
pathway is firmly correlated to osteogenesis in hBMSCs.
In order to further verify our results, an inhibitor
(U0126) specific for ERK signaling pathway was applied.
Treatment with U0126 blocked ERK1/2 phosphorylation
and significantly decreased RUNX2, COL1A1, P-ERK,
ALP activity, and mineralized nodule formation when
compared with the control group. Based on the results
above, we demonstrated that ERK signaling pathway is
quiet important in IL34-induced osteogenesis in
hBMSCs.
The relationship between cytokines and bone metabol-

ism has been demonstrated by several studies [13, 21,
23, 35]. Nevertheless, this is the first study, to the best of
our knowledge, to demonstrate the effect of low-dose
IL-34 on the dynamic balance of bone metabolism, as
shown in Fig. 6h, and we believe it will contribute to the
understanding of the relationship between bone fraction
and inflammation and between the MSCs and
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inflammation. Furthermore, our findings provide a new
thinking and experiment data for clinical studies in the
treatment of many aspects of bone healing, namely, a
sustained release system of low-dose IL-34. Unfortu-
nately, we did not investigate the impact of IL-34 on sig-
naling molecules, such as IL-1, IL-6, IL-8, and TNF-a,
that shape the inflammatory microenvironment. More-
over, the mechanisms of crosstalk between PI3K/AKT
and ERK/MAPK signaling are not fully clarified and re-
quire further investigation in future studies. Finally, a rat
OVX model used in vivo and mBMMs used for in vitro
experiments may reveal the effect of low-dose IL-34 on
osteoclastogenesis. Even though the percentage identity
of human IL-34 with the rat and mouse IL-34 are 72%
and 71%, respectively [12], there are still biological struc-
tural difference among different species. Thus, further
studies are needed.

Conclusions
Collectively, our study first demonstrate that low-dose
IL-34 regulates osteogenesis of hBMSCs partly via the
PIK/AKT and ERK signaling pathway and enhances frac-
ture healing, with neither promoting nor preventing os-
teoclastogenesis in vitro and osteoporosis in vivo.

Abbreviations
MSCs: Mesenchymal stem cells; BMSCs: Bone marrow-derived mesenchymal
stem cells; hBMSCs: Human bone marrow-derived mesenchymal stem cells;
BMMs: Bone marrow-derived macrophages; mBMMs: Mice bone marrow-
derived macrophages; CCK-8: Cell counting kit-8; ALP: Alkaline phosphatase;
qRT-PCR: Quantitative RT-PCR; ARS: Alizarin red staining;
OVX: Ovariectomized; IL-6: Interleukin-6; IL-8: Interleukin-8; IL-34: Interleukin-
34; CSF-1R: Colony-stimulating factor-1 receptor; RA: Rheumatoid arthritis;
OA: Osteoarthritis; IA: Inflammatory arthritis; RANKL: Receptor activator of NF-
κB ligand; α-MEM: Minimum essential medium Eagle Alpha modification; M-
CSF: Macrophage colony-stimulating factor; rhIL-34: Recombinant human IL-
34; COL1A1: Collagen type I a 1 chain; GAPDH: Glyceraldehyde-3-phosphate
dehydrogenase; RUNX2: Runt-related transcription factor 2; ERK1/
2: Extracellular signal-regulated kinase 1/2; OCN: Osteocalcin;
OPN: Osteopontin; AKT: Protein kinase B; NFATc1: Nuclear factor of activated
T cells cytoplasmic 1; PGC1β: Peroxisome proliferative actives receptor γ
gamma coactivator 1β; ODM: Osteogenic differentiation medium;
PBS: Phosphate buffer saline; ddH2O: Double-distilled water; TRAP: Tartrate-
resistant acid phosphatase; OE: Overpress; NC: Negative control;
ELISA: Enzyme-linked immunosorbent assay; BV/TV: Trabecular bone volume
per total volume; BS/BV: Trabecular bone surface per bone volume;
Tb.Th: Mean trabecular thickness; Tb.N: Mean trabecular number; Tb.Sp: Mean
trabecular separation; Conn-Dens: Mean connectivity density; SP7/
Osterix: Zinc finger transcription factor

Supplementary Information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13287-021-02263-3.

Additional file 1: Figure S1. A CCK-8 was used to examine the vability
after mBMMs cultured with low-dose IL-34 for 1 and 5 d. All of the exper-
iments were independently accomplished no less than three times. Data
are means ± SD. $P < 0.05 vs. the 1 d group at the same concentration.
Figure S2. Cells cultured with 30 ng/ml IL-34 or M-CSF in complete α-
MEM (100 ng/ml RANKL). (A-C) TRAP staining demonstrated that IL-34
was working in our experiments. Figure S3. To confirm the ratio of

transduction, expression of GFP was determined by Immunofluorescence
was performed.

Acknowledgements
We thank all clients from the Clinical Research Center of the Second
Affiliated Hospital, Zhejiang University, including Xing Zhang, Jiayu Yang, Am
Liu, and Chunc Li et al. We also appreciate the general help of Lingl Zhang
and Sm Feng from Orthopedic Research Center of the Second Affiliated
Hospital, Zhejiang University.

Authors’ contributions
DX and ZP designed the research; JX, JB, HZ, DX, and ZP performed the
experiments; ZK, CZ, LN, and JW analyzed the data; LY, EC, WZ, and BH made
the figures and tables; and JX, DX, and ZP wrote the paper. WL and LF
revised this paper and remade the figures. The author(s) read and approved
the final manuscript.

Funding
The National Natural Science Foundation of China (Grant No. 81672147 and
81874007) and Zhejiang Undergraduate Talent Project (Grant No.
2020R401218) funds were received in support of this work. The authors
declare no relevant financial activities outside the submitted work.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments were in accordance with the Animal Care and Use
Committee guidelines of Zhejiang University. All experimental procedures
were in accordance with the Institutional Animal Care Use Committee at
Zhejiang University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Orthopedics Surgery, the Second Affiliated Hospital, Zhejiang
University School of Medicine, No. 88, Jiefang Road, Hangzhou 310009,
China. 2Orthopedics Research Institute of Zhejiang University, No. 88, Jiefang
Road, Hangzhou 310009, China. 3Key Laboratory of Motor System Disease
Research and Precision Therapy of Zhejiang Province, No. 88, Jiefang Road,
Hangzhou 310009, China.

Received: 30 September 2020 Accepted: 2 March 2021

References
1. Ding ZC, Lin YK, Gan YK, Tang TT. Molecular pathogenesis of fracture

nonunion. J Orthop Translat. 2018;14:45–56.
2. Marongiu G, Dolci A, Verona M, Capone A. The biology and treatment of

acute long-bones diaphyseal fractures: overview of the current options for
bone healing enhancement. Bone Rep. 2020;12:100249.

3. Ye C, Zhang W, Hang K, Chen M, Hou W, Chen J, et al. Extracellular IL-37
promotes osteogenic differentiation of human bone marrow mesenchymal
stem cells via activation of the PI3K/AKT signaling pathway. Cell Death Dis.
2019;10:753.

4. Giannoudis PV, Einhorn TA, Marsh D. Fracture healing: the diamond
concept. Injury. 2007;38:S3–6.

5. Giannoudis PV, Einhorn TA, Schmidmaier G, Marsh D. The diamond concept
– open questions. Injury. 2008;39:S5–8.

6. Pountos I, Walters G, Panteli M, Einhorn TA, Giannoudis PV. Inflammatory
profile and osteogenic potential of fracture haematoma in humans. J Clin
Med. 2019;9(1):47.

Xu et al. Stem Cell Research & Therapy          (2021) 12:268 Page 15 of 16

https://doi.org/10.1186/s13287-021-02263-3
https://doi.org/10.1186/s13287-021-02263-3


7. Horst K, Greven J, Luken H, Zhi Q, Pfeifer R, Simon TP, et al. Trauma severity
and its impact on local inflammation in extremity injury-insights from a
combined trauma model in pigs. Front Immunol. 2019;10:3028.

8. Xie Z, Tang S, Ye G, Wang P, Li J, Liu W, et al. Interleukin-6/interleukin-6
receptor complex promotes osteogenic differentiation of bone marrow-
derived mesenchymal stem cells. Stem Cell Res Ther. 2018;9:13.

9. Niu X, Chen Y, Qi L, Liang G, Wang Y, Zhang L, et al. Hypoxia regulates
angeogenic-osteogenic coupling process via up-regulating IL-6 and IL-8 in
human osteoblastic cells through hypoxia-inducible factor-1alpha pathway.
Cytokine. 2019;113:117–27.

10. Liu X, Chen Z, Lan T, Liang P, Tao Q. Upregulation of interleukin-8 and
activin a induces osteoclastogenesis in ameloblastoma. Int J Mol Med. 2019;
43:2329–40.

11. Wang H, Cao J, Lai X. Serum Interleukin-34 levels are elevated in patients
with systemic lupus Erythematosus. Molecules. 2016;22:35.

12. Lin H, Lee E, Hestir K, Leo C, Huang M, Bosch E, et al. Discovery of a
cytokine and its receptor by functional screening of the extracellular
proteome. Science (New York). 2008;320:807–11.

13. Chen Z, Buki K, Vääräniemi J, Gu G, Väänänen HK. The critical role of IL-34 in
osteoclastogenesis. Plos One. 2011;6:e18689-e.

14. Udomsinprasert W, Jittikoon J, Honsawek S. Interleukin-34 as a promising
clinical biomarker and therapeutic target for inflammatory arthritis. Cytokine
Growth Factor Rev. 2019;47:43–53.

15. Chang SH, Choi BY, Choi J, Yoo JJ, Ha YJ, Cho HJ, et al. Baseline serum
interleukin-34 levels independently predict radiographic progression in
patients with rheumatoid arthritis. Rheumatol Int. 2015;35:71–9.

16. Wang B, Ma Z, Wang M, Sun X, Tang Y, Li M, et al. IL-34 Upregulated Th17
production through increased IL-6 expression by rheumatoid fibroblast-like
synoviocytes. Mediat Inflamm. 2017;2017:1567120.

17. Moon SJ, Hong YS, Ju JH, Kwok SK, Park SH, Min JK. Increased levels of
interleukin 34 in serum and synovial fluid are associated with rheumatoid
factor and anticyclic citrullinated peptide antibody titers in patients with
rheumatoid arthritis. J Rheumatol. 2013;40:1842–9.

18. Chemel M, Le Goff B, Brion R, Cozic C, Berreur M, Amiaud J, et al. Interleukin
34 expression is associated with synovitis severity in rheumatoid arthritis
patients. Ann Rheum Dis. 2012;71:150–4.

19. Hwang S-J, Choi B, Kang S-S, Chang J-H, Kim Y-G, Chung Y-H, et al.
Interleukin-34 produced by human fibroblast-like synovial cells in
rheumatoid arthritis supports osteoclastogenesis. Arthritis Res Ther. 2012;14:
R14-R.

20. Zhou RP, Wu XS, Xie YY, Dai BB, Hu W, Ge JF, et al. Functions of interleukin-
34 and its emerging association with rheumatoid arthritis. Immunology.
2016;149:362–73.

21. Li J, Liu L, Rui W, Li X, Xuan D, Zheng S, et al. New interleukins in psoriasis
and psoriatic arthritis patients: the possible roles of interleukin-33 to
interleukin-38 in disease activities and bone erosions. Dermatology (Basel).
2017;233:37–46.

22. Nakamichi Y, Mizoguchi T, Arai A, Kobayashi Y, Sato M, Penninger J, et al.
Spleen serves as a reservoir of osteoclast precursors through vitamin D-
induced IL-34 expression in osteopetrotic op/op mice. Proc Natl Acad Sci U
S A. 2012;109:10006–11.

23. Cheng X, Wan QL, Li ZB. AG490 suppresses interleukin-34-mediated
osteoclastogenesis in mice bone marrow macrophages. Cell Biol Int. 2017;
41:659–68.

24. Grabowski P. Physiology of bone. Endocr Dev. 2015;28:33–55.
25. Harada S, Rodan G. Control of osteoblast function and regulation of bone

mass. Nature. 2003;423:349–55.
26. Sato S, Hanada R, Kimura A, Abe T, Matsumoto T, Iwasaki M, et al.

Central control of bone remodeling by neuromedin U. Nat Med. 2007;
13:1234–40.

27. Bianco P, Riminucci M, Gronthos S, Robey P. Bone marrow stromal stem
cells: nature, biology, and potential applications. Stem cells (Dayton). 2001;
19:180–92.

28. Lin H, Sohn J, Shen H, Langhans MT, Tuan RS. Bone marrow mesenchymal
stem cells: aging and tissue engineering applications to enhance bone
healing. Biomaterials. 2019;203:96–110.

29. Bianco P, Cao X, Frenette PS, Mao JJ, Robey PG, Simmons PJ, et al. The
meaning, the sense and the significance: translating the science of
mesenchymal stem cells into medicine. Nat Med. 2013;19:35–42.

30. Crane JL, Cao X. Bone marrow mesenchymal stem cells and TGF-beta
signaling in bone remodeling. J Clin Invest. 2014;124:466–72.

31. Chen E, Liu G, Zhou X, Zhang W, Wang C, Hu D, et al. Concentration-
dependent, dual roles of IL-10 in the osteogenesis of human BMSCs via
P38/MAPK and NF-kappaB signaling pathways. FASEB J. 2018;32:4917–29.

32. Nakamichi Y, Udagawa N, Takahashi N. IL-34 and CSF-1: similarities and
differences. J Bone Miner Metab. 2013;31:486–95.

33. Xie Z, Yu H, Sun X, Tang P, Jie Z, Chen S, et al. A novel diterpenoid
suppresses osteoclastogenesis and promotes osteogenesis by inhibiting
Ifrd1-mediated and IkappaBalpha-mediated p65 nuclear translocation. J
Bone Miner Res. 2018;33:667–78.

34. Wei S, Nandi S, Chitu V, Yeung Y-G, Yu W, Huang M, et al. Functional overlap
but differential expression of CSF-1 and IL-34 in their CSF-1 receptor-mediated
regulation of myeloid cells. J Leukoc Biol. 2010;88:495–505.

35. Amarasekara DS, Yun H, Kim S, Lee N, Kim H, Rho J. Regulation of osteoclast
differentiation by cytokine networks. Immune network. 2018;18:e8.

36. Hang K, Ye C, Xu J, Chen E, Wang C, Zhang W, et al. Apelin enhances the
osteogenic differentiation of human bone marrow mesenchymal stem cells
partly through Wnt/beta-catenin signaling pathway. Stem Cell Res Ther.
2019;10:189.

37. Pixley FJ, Stanley ER. CSF-1 regulation of the wandering macrophage:
complexity in action. Trends Cell Biol. 2004;14:628–38.

38. Baghdadi M, Umeyama Y, Hama N, Kobayashi T, Han N, Wada H, et al.
Interleukin-34, a comprehensive review. J Leukoc Biol. 2018;104:931–51.

39. Gharibi B, Ghuman MS, Hughes FJ. Akt- and Erk-mediated regulation of
proliferation and differentiation during PDGFRbeta-induced MSC self-
renewal. J Cell Mol Med. 2012;16:2789–801.

40. Liu F, Shi J, Zhang Y, Lian A, Han X, Zuo K, et al. NANOG attenuates hair
follicle-derived mesenchymal stem cell senescence by upregulating PBX1
and activating AKT signaling. Oxidative Med Cell Longev. 2019;2019:
4286213.

41. Mukherjee A, Rotwein P. Akt promotes BMP2-mediated osteoblast
differentiation and bone development. J Cell Sci. 2009;122:716–26.

42. Ulici V, Hoenselaar KD, Gillespie JR, Beier F. The PI3K pathway regulates
endochondral bone growth through control of hypertrophic chondrocyte
differentiation. BMC Dev Biol. 2008;8:40.

43. Zhao Z, Pan G, Tang C, Li Z, Zheng D, Wei X, et al. IL-34 inhibits acute
rejection of rat liver transplantation by inducing Kupffer cell M2 polarization.
Transplantation. 2018;102:e265–e74.

44. Chen T, Wang X, Guo L, Wu M, Duan Z, Lv J, et al. Embryonic stem cells
promoting macrophage survival and function are crucial for teratoma
development. Front Immunol. 2014;5:275.

45. Ge C, Xiao G, Jiang D, Franceschi RT. Critical role of the extracellular signal-
regulated kinase-MAPK pathway in osteoblast differentiation and skeletal
development. J Cell Biol. 2007;176:709–18.

46. Greenblatt MB, Shim JH, Glimcher LH. Mitogen-activated protein kinase
pathways in osteoblasts. Annu Rev Cell Dev Biol. 2013;29:63–79.

47. Ye C, Chen M, Chen E, Li W, Wang S, Ding Q, et al. Knockdown of FOXA2
enhances the osteogenic differentiation of bone marrow-derived
mesenchymal stem cells partly via activation of the ERK signalling pathway.
Cell Death Dis. 2018;9:836.

48. Kuang Z, Bai J, Ni L, Hang K, Xu J, Ying L, et al. Withanolide B promotes
osteogenic differentiation of human bone marrow mesenchymal stem cells
via ERK1/2 and Wnt/beta-catenin signaling pathways. Int
Immunopharmacol. 2020;88:106960.

49. Artigas N, Urena C, Rodriguez-Carballo E, Rosa JL, Ventura F. Mitogen-
activated protein kinase (MAPK)-regulated interactions between Osterix and
Runx2 are critical for the transcriptional osteogenic program. J Biol Chem.
2014;289:27105–17.

50. Matsushita T, Chan YY, Kawanami A, Balmes G, Landreth GE, Murakami S.
Extracellular signal-regulated kinase 1 (ERK1) and ERK2 play essential roles in
osteoblast differentiation and in supporting osteoclastogenesis. Mol Cell
Biol. 2009;29:5843–57.

51. Elkhider A, Wei J, Al-Azab M, Tang Y, Walana W, Li W, et al. IL-34 modulates
rheumatoid synovial fibroblasts proliferation and migration via ERK/AKT
signalling pathway. Clin Exp Rheumatol. 2020;38:479–87.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Xu et al. Stem Cell Research & Therapy          (2021) 12:268 Page 16 of 16


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Cell isolation, culture conditions, reagents, and antibodies
	Cytotoxicity assay
	Osteoblastogenesis assay
	Osteoclastogenesis assay
	RNA extraction and quantitative RT-PCR
	Western blotting analyses
	Immunofluorescence assay
	Lentiviral packaging and cell infection
	ELISA
	In vivo evaluation in animals
	Micro-CT and bone histomorphometric analyses
	Statistical analysis

	Results
	The effects of low-dose IL-34 on hBMSC and mBMM viability
	Low-dose IL-34 promoted osteoblastogenesis in hBMSCs
	Low-dose IL-34 enhanced osteogenic differentiation of hBMSCs partly via the PI3K/AKT and ERK signaling pathways
	The effects of endogenously overexpressed IL-34 on osteogenesis and the expression of osteoblast-related genes and proteins in�vitro
	Addition of exogenous low-dose IL-34 accelerated bone healing in a rat tibial osteotomy model
	Low-dose IL-34 has no effect on osteoclastogenesis

	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

